Anoxygenic photosynthetic bacteria have been the subject of study for over 60 years (81) . Investigations of the purple nonsulfur bacteria have contributed extensively to our understanding of redox control of gene expression as a mechanism used to maintain redox homeostasis (reviewed in references 3, 21, 45, and 56). Rhodobacter sphaeroides 2.4.1 is a purple nonsulfur bacterium which belongs to the Alpha-3-proteobacteria, whose members exhibit diversity in both their morphological and metabolic characteristics. With the availability of its genomic DNA sequence (http://www.rhodobacter.org) and the R. sphaeroides GeneChip (67) , transcriptome and proteome analyses have been performed to investigate global cellular expression profiles in response to changes in growth conditions, as well as to the presence of specific mutations (1, 5, 6, 8, 9, 29, 61, 72, 89) .
In order to maintain redox poise during adaptation to changing environmental conditions, R. sphaeroides controls gene expression through the interplay of discrete global regulatory systems. The principal players currently known in this genetic circuitry are the PrrBA two-component system (27, 28, 51) , the Appa/PpsR antirepressor/repressor system (35, 69) , and FnrL (88) . PrrBA is a homolog of the RegBA two-component system of Rhodobacter capsulatus (23) . PpsR is a repressor (61) homologous to CrtJ (22) of R. capsulatus, and FnrL (56) is homologous to Fnr (44) of Escherichia coli. The AppA antirepressor has no known homolog.
In the PrrBA system, PrrB is the histidine kinase/phosphatase and PrrA the response regulator. Previous data from this laboratory and others have shown regulation by PrrA, and RegA in R. capsulatus, of a considerable number of cellular functions; among these are photosynthesis, CO 2 fixation, N 2 fixation, H 2 uptake and oxidation, and elements of the electron transport chain (21, 23, 56) . These earlier observations were recently extended, upon finding that approximately 25% of the genome of R. sphaeroides is regulated by PrrA, either directly or indirectly, and that PrrA acts both as an activator and a repressor of transcription (29) .
Similar to other two-component systems, with phosphorylation by its cognate histidine kinase/phosphatase PrrB (RegB) (27, 63, 77) , PrrA (RegA) dimerizes (49) and binds to DNA using an H-T-H motif located at its carboxy-terminal end (19, 42, 48) . As previously described, both unphosphorylated PrrA (U-PrrA) (12, 71) and unphosphorylated RegA* (U-RegA*) (19) are able to bind DNA in vitro and to activate transcription, although less efficiently than when they were phosphorylated (4, 20) . It was also reported that U-RegA* binds to DNA targets with affinity similar to that with phosphorylated RegA* (P-RegA*), and these authors suggested that the phosphorylation state of RegA* might be relevant for transcription activation rather than DNA binding per se (38, 39) . This might explain an in vivo effect of PrrA, since when prrA is present in multiple copies, expression of genes encoding proteins involved in photosynthesis occurs under aerobic growth conditions (28) . Under these conditions, PrrA should not be phosphorylated, although other explanations are possible, such as PrrA being phosphorylated by other kinases, as shown previously for the HupT kinase when present in multiple copies (36) .
In terms of the actual interaction with DNA, the consensus DNA binding sequences reported for PrrA (48, 58) and its homologs RegA, in R. capsulatus (76, 84) , and RegR, in Bradyrhizobium japonicum (24) are highly degenerate, containing two DNA sites exhibiting imperfect dyad symmetry, with the quasisymmetrical sequences being separated by a variable spacer region containing anywhere from 0 to 10 nucleotides (nt) (58) .
In addition to the exact identity, at the nucleotide level, of the DNA binding sequences for PrrA, the possible conformation of the DNA binding segment, as dictated by its sequence, has been suggested to influence binding of PrrA to DNA (48) . In the case of the hemA1 promoter, it has been reported that the PrrA recognition sequences have the propensity to display a DNA conformation involving intrinsic high curvature (71) , and indeed, PrrA itself displays some notable structural similarities to the DNA-bending FIS protein (48) . There are also reports suggesting that DNA gyrase function, and hence the levels of DNA supercoiling, affects photosynthesis gene expression, which is positively regulated by PrrA (45) , in both R. sphaeroides and R. capsulatus (53, 90) .
In the present study, we investigated conditions for optimal in vitro binding by WT PrrA protein to a DNA binding sequence from R. sphaeroides. For this purpose, we chose PrrA site 2 (29) within the upstream regulatory region of the RSP3361 gene, a gene whose expression is positively regulated by PrrA and which contains two putative PrrA binding sites. Deletion of this particular binding sequence abolished PrrA regulation of the RSP3361 gene, and conversely, the absence of PrrA results in the absence of RSP3361 gene expression (29) . Importantly, here, we show a requirement for PrrA phosphorylation to promote binding specificity to this DNA sequence, and we confirm this specificity by competition experiments. In an accompanying manuscript, we further investigate the binding specificity by conducting extensive mutagenesis of this DNA site (28a) .
The presence of the polyamine spermidine in the binding reactions led to a marked increase in the binding affinity of phosphorylated PrrA to the RSP3361 locus PrrA site 2. Consistent with this, we found that the expression of the RSP3361 gene, as well as that of pucB (RSP0314 gene) and pufB (RSP6108 gene), two photosynthesis genes positively regulated by PrrA which encode the ␤ polypeptides of the B800-B850 and B875 light-harvesting spectral complexes, respectively, was also positively regulated in the presence of spermidine, under aerobic growth conditions. In addition, the presence of spermidine in the growth medium increased the expression of additional photosynthesis genes, though modestly, as inferred by the production of light-harvesting spectral complexes under highly aerobic growth conditions. Thus, we provide evidence showing a correlation between the in vitro and in vivo spermidine effects in the case of the RSP3361 gene, and we show that these effects are presumably widespread to other PrrA-regulated genes.
In terms of the mechanism as to how spermidine affects the expression of the PrrA-regulated genes described here, two earlier lines of evidence describing (i) the strong effects of polyamines on DNA topology (31, 32, 46, 68, 80) and (ii) earlier suggestions about possible effects of DNA topology on PrrA-regulated gene expression (29, 48, 53, 71, 90) prompted us to test whether the observed effects of spermidine reported here might be due, at least in part, to changes in the topology of the DNA regulatory region promoted by the polyamine. We report that the expression of transcriptional lacZ fusions to the RSP3361 gene, as well as pucB (RSP0314 gene), is stimulated by negative supercoils, in vivo and in the absence of spermidine, as shown using transcriptionally driven topological alteration (TDTA) with a divergently transcribed wild-type (WT) (P) and mutant (P down ) promoter to the RSP3361 gene regulatory region. This was confirmed using the DNA gyrase inhibitor novobiocin in the case of the RSP3361 gene.
Taken together, we provide evidence suggesting that expression of the RSP3361 gene, which is fully dependent on PrrA (29) , is modulated by the topological state of the DNA and that polyamines, possibly due to their effects on DNA topology, act synergistically with DNA supercoiling to regulate expression of the RSP3361 gene, possibly by affecting phosphorylated PrrA (P-PrrA) binding.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli strains were grown at 37°C on LB medium (57) supplemented, when required, with the following antibiotics: tetracycline (Tet), at 20 g/ml; streptomycin (St), at 50 g/ml; spectinomycin (Sp), at 50 g/ml; and ampicillin (Ap), at 150 g/ml. R. sphaeroides 2.4.1 strains were grown at 30°C on Sistrom's medium A (SIS) (11) containing succinate as the carbon source, supplemented, as required, with the following antibiotics: Tet, at 1 g/ml; St, at 50 g/ml; Sp, at 50 g/ml; and novobiocin (Nv), at 1 g/ml. Anaerobic dark cultures were grown in SIS medium supplemented with 0.1% yeast extract in the presence of dimethyl sulfoxide (DMSO; 0.5% [vol/vol]), as an electron acceptor, and sparged with 95% N 2 -5% CO 2 . Aerobic cultures were grown in SIS medium and sparged with 30% O 2 , 69% N 2 , and 1% CO 2 . Spermidine trihydrochloride was used at 10 mM, compared to 3.8 mM NH 4 and 34 mM succinate in SIS medium, for R. sphaeroides strains grown on plates, as well as in liquid cultures for the determination of light-harvesting spectral complexes and ␤-galactosidase activities. Plasmids were mobilized using triparental matings from E. coli DH5␣Phe (28) into R. sphaeroides strains as described elsewhere (14) .
DNA manipulations and analysis. Standard protocols or manufacturer's instructions were used for the isolation of plasmid DNA, as well as for restriction endonuclease, DNA ligase, PCR, and other enzymatic treatments of plasmids and DNA fragments. Enzymes were purchased from New England Biolabs, Inc. PrrA purification and phosphorylation. Typically, PrrA was purified from 1 liter of E. coli (JE4389) containing plasmid pPRRACHIS2, which contains the prrA gene with six-His codons immediately before the stop codon (63) . A Ninitrilotriacetic acid His-Bind resin from Novagen (Madison, WI) was used for this purpose, following manufacturer's instructions. After elution in 20 mM Tris (pH 8.0), 0.5 M NaCl, and 0.5 M imidazole, the protein was dialyzed three times at 4°C over a period of approximately 18 h against buffer containing 20 mM Tris (pH 8.0), 200 mM KCl, 5 mM MgCl 2 , 2 mM dithiothreitol (DTT), and 20% glycerol. The concentration of NaCl during the dialysis steps was successively decreased from 300 mM to 100 mM to no NaCl. After the final dialysis step, the concentration of glycerol was increased to 30%. The purified protein was concentrated using Centriplus YM-10 (10,000 molecular-weight cutoff) centrifugal filter units from Amicon (Millipore Corporation, Bedford, MA), by centrifuging at 4,500 rpm in a Sorvall SS-34 rotor at 4°C overnight, during which time the protein was typically concentrated from 4:1 to 5:1. The final glycerol concentration was increased to 40%, and the protein was resuspended in 50-l aliquots and quick-frozen in a dry-ice/ethanol bath prior to storage at Ϫ80°C. The purification procedure yielded a protein that was Ն95% pure (data not shown). The bicinchoninic acid assay (Pierce, Rockford, IL) was used to determine protein concentration. Iodoacetamide was used to avoid interference due to the presence of the sulfhydryl reagent DTT in the sample.
PrrA phosphorylation was carried out by acetyl phosphate treatment, as described previously (12) . A total of 25 mol of purified PrrA, at a concentration of approximately 550 nmol/l, were incubated at 30°C for 1 h, at a final concentration of 25 mM acetyl phosphate and 20 mM MgCl 2 . The binding reactions were performed immediately after completion of PrrA phosphorylation, and P-PrrA was prepared fresh for each experiment.
Labeling of DNA fragments. pJE5096 is a p-Bend-3 derivative which contains the 16-nt RSP3361 gene PrrA site 2, and adjacent 40 nt on each side, as a PCR fragment cloned at its SalI site. Digestion of pJE5096 with EcoRV yielded a 191-bp fragment containing the RSP3361 PrrA site 2 at its center, with adjacent vector sequences. This EcoRV fragment was purified by electrophoresis twice, followed by gel extraction using the QIAquick gel extraction kit (Qiagen Inc., Santa Clarita, CA). The DNA fragments were then drop dialyzed against water for 1 h on 0.025-m disc filters (Millipore, Billerica, MA) to eliminate impurities that could affect PrrA binding. DNA concentrations were calculated after reading the absorbance of several dilutions of the purified fragments at an optical density at 260 nm, using a UV-2450 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan).
DNA probes were made by end-labeling approximately 6 to 10 pmol of the appropriate 191-bp fragment containing the RSP3361 PrrA site 2 at an approximate concentration of 3 pmol/l, with 5 l of [␥-
32 P]ATP (Dupont NEN, Boston, MA). The final reaction volumes were 35 to 40 l. T4 polynucleotide kinase (Invitrogen, Carlsbad, CA) was used for labeling, and the unincorporated nucleotides were removed using Micro Bio-Spin P-30 Tris chromatography columns (Bio-Rad, Hercules, CA), according to manufacturer's instructions, and the labeled DNA fragments were resuspended in water. After labeling and purification, aliquots of the [␥-
32 P]ATP-labeled DNA fragments were electrophoresed, and the dry gels were autoradiographed on BioMax XAR film (Kodak, Rochester, NY). The corresponding radioactive signals were quantitated as described previously (29) .
PrrA binding and competition assays. Binding and competition reactions were set up while the PrrA phosphorylation reactions were taking place, in order to have phosphorylated protein available when needed and to minimize the effects of possible instability at room temperature (RT) and spontaneous dephosphorylation. The mixtures were allowed to equilibrate to RT prior to initiating the reactions. The reactants (final concentrations) in a volume of 25 l were, in order of addition, water, binding buffer (1ϫ), 5 mM MgCl 2 , 0.05% Nonidet P-40 (NP-40), 2 mM spermidine trihydrochloride (when needed), ϳ0.35 pmol labeled double-stranded 191-bp fragment containing the RSP3361 PrrA site 2, 80 ng/l poly(dA) · poly(dT) nonspecific competitor DNA, and P-PrrA in storage buffer, at the appropriate concentrations. In some experiments, salmon sperm DNA was used at 67 ng/l. The PrrA dilutions were done in 1ϫ storage buffer. After the addition of P-PrrA, reaction mixtures were incubated at RT for 25 min, and immediately, 8 l, approximately one-third, of each reaction mixture was loaded onto prerun gels, as described in the next section. For each experiment, both gels in the electrophoresis tank contained the same samples and, therefore, were run in duplicate. For competition experiments, the specific competitor DNA, at the appropriate concentration, was added after the P-PrrA addition. The 10ϫ binding buffer contained 200 mM Tris (pH 7.9), 50 mM KCl, 5 mM MgCl 2 , and 1 mM DTT. The 1ϫ PrrA storage buffer contained 40 mM Tris (pH 7.9), 50 mM KCl, 5 mM MgCl 2 , and 2 mM DTT, in 40% glycerol.
Electrophoretic mobility shift assays (EMSA). Electrophoresis was performed in Mini-Protean 3 cells (Bio-Rad, Hercules, CA), using 7% gels made with a 40% stock of 29:1 acrylamide/bis-acrylamide and 0.5ϫ Tris-borate-EDTA, as described previously (7), and with the following modification: both gels and running buffer had a final concentration of 200 M spermidine in experiments where the polyamine was added to the binding/competition reactions. The apparent dissociation constant (K app ) was calculated as described previously (16, 55) and corresponds to the concentration of P-PrrA that gave a fractional occupancy value of 0.5, or 50% occupancy of the DNA site. One hundred percent occupancy corresponds to a fractional occupancy of 1. The competition curve was generated by plotting unbound labeled DNA against increasing concentrations of the exact same unlabeled specific competitor DNA, using a constant amount of P-PrrA, in the appropriate reactions. The apparent inhibition constant (K i ) (33) was the concentration of unlabeled specific competitor DNA that displaced 50% of the labeled P-PrrA-bound DNA, corresponding to a fractional occupancy value of 0.5.
Transcriptionally driven topological alteration (TDTA). Plasmids pJE5088 (this study) and pJE5090 (29) contain, respectively, an approximately 4.0-kb EcoRI insert from pML5PrrnB and pML5P down rrnB, which are derivatives of the pML5 promoterless lacZ transcriptional fusion vector (47) . This EcoRI DNA fragment harbors the multiple cloning site, most of the lacZ gene, and an upstream 336-bp fragment containing the divergently transcribed rrnB promoter (pJE5088) (18) , or a mutated promoter (P down ), made by an XmaI digest at a site within its spacer region, followed by Klenow fill-in. This modifies the 17-bp spacer region of the WT promoter to a promoter with 20 bp in the spacer region (P down ). Promoters divergently transcribed from these two rrnB promoter alleles are expected to be subject to topological alterations in the form of negative supercoils, as predicted by the twin-domain model (54) . The extent of negative supercoils incident on the RSP3361 gene promoter will vary proportionately as a function of the strength of the divergently transcribed promoter, in this case rrnB, as shown previously (65) .
Determination of light-harvesting spectral complexes. The amount of bacteriochlorophyll (Bchl) present in the B875 light-harvesting complex can be measured at 875 minus 820 nm (ε ϭ 73 Ϯ 2.5 mM Ϫ1 cm Ϫ1 ), normalized for 2 mol of Bchl per complex, whereas the concentration in the B800-B850 complex can be measured at 849 minus 900 nm (ε ϭ 96 Ϯ 4 mM Ϫ1 cm Ϫ1 ) (60). ␤-Galactosidase assays. Plasmid pCF200 (50) contains a transcriptional lacZ fusion to pucB (RSP0314 gene). pUI1663 and pUI1662 (25) harbor a transcriptional and a translational lacZ fusion to pufB (RSP6108 gene), respectively. pJE4935 and pJE4936 (29) contain transcriptional lacZ fusions to the RSP3361 gene (WT) and to a derivative of this gene with the PrrA site 1 deleted (29), respectively. Plasmids pJE5400 and pJE5403 contain, respectively, the WT rrnB and the rrnBP down promoters divergently transcribed from pucB (RSP0314 gene), which was cloned as a PCR fragment containing 744 bp upstream pucB, up the PstI site, and 10 codons of the coding region. R. sphaeroides cultures used for the determination of ␤-galactosidase activity were grown as described previously (28) , and assays were performed as described elsewhere (79) . The data provided are the averages of the results of at least two separate experiments, each performed in duplicate. Standard deviations were always Յ15%. Protein concentration of cell extracts was determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL), with bovine serum albumin as a standard.
Computer programs. DNA analyses were performed using the computer programs ARTEMIS (Sanger Institute of The Wellcome Foundation) and DNA Strider (Institute de Recherche Fondamentale, Commissariat a l'Energie Atomique, France). Oligo 4.0 (National Biosciences Inc., Plymouth, MN) was used for primer designs. Bend.it, Plot.it, and Model.it, from DNAtools (ICGEB, Trieste, Italy), were used for the calculation of DNA bending and melting probabilities (83) . WebSIDD (C. Benham, UC Davis Genome Center) was used for the calculation of the stress-induced (DNA) duplex destabilization (SIDD) profile (34) or the incremental free energy [G(x)] necessary to force a base pair at position x to be melted, represented as a plot of G(x) versus x. PREDICTOR (University of Sheffield, Department of Chemistry) was used for the calculation of the three-dimensional structure of double-stranded DNA (30) . The EMBL gateway (http://www.embl-heidelberg.de/cgi/pi-wrapper.pl) was used for the calculation of isoelectric points. Microsoft Excel and Word (Microsoft), as well as Adobe Illustrator (Adobe), were used for manuscript preparation.
Materials. 5-Bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal) was purchased from USB Corporation, Cleveland, OH. o-Nitrophenyl-␤-D-galactopyranoside (ONPG), lithium potassium acetyl phosphate (minimum 85%), spermidine trihydrochloride (minimum 98%), spermine tetrahydrochloride, salmon testes DNA and poly(dA) · poly(dT) were purchased from Sigma-Aldrich Corp., St. Louis, MO. GenePure LE agarose was purchased from ISC BioExpress, Kaysville, UT. Iodoacetamide was purchased from Pierce, Rockford, IL. NP-40 was purchased from Roche, Mannheim, Germany. All other chemicals used in this work were reagent grade.
RESULTS
In a previous study, we showed strong positive regulation by PrrA of the RSP3361 gene (29) , whose expression appears to be entirely dependent on the presence of PrrA. Based on genomic annotation (http://www.rhodobacter.org), RSP3361 shows homology, at the amino-terminal end, to type I or type IV restriction endonucleases. The remainder of the protein shows homology to uncharacterized, conserved proteins and is accordingly assigned to COG4748, which contains uncharacterized, conserved proteins. Transcriptome analysis revealed that expression of this gene was minimal or absent under aerobic growth conditions and increased under anaerobic conditions, reaching maximal levels during photosynthetic growth at 10 W/m 2 incident light intensity. The induction of the RSP3361 gene was confirmed by direct mRNA analysis, as well as reporter fusion experiments (29) . Whatever function the RSP3361 protein performs, there is an apparently greater cellular requirement when R. sphaeroides grows under anaerobic light conditions, and this expression tends to mimic photosyn- Regulatory and structural elements in the regulatory region of the RSP3361 gene. The regulatory region of the RSP3361 gene is depicted in Fig. 1 . Two putative PrrA binding sequences (58) were found upstream of a putative 70 -type promoter (59) . These putative PrrA sites encompass two half-sites with strong dyad symmetry, separated by a spacer region containing 5 nt. We have shown previously, by reporter fusion analysis, that deletion of the 16 nt encompassing either PrrA sites 1 or 2 decreases expression of the RSP3361 gene by approximately 37% or completely abolishes the induction of this gene, respectively (29) .
In addition to the PrrA sites indicated, a good match was found for a presumptive 70 -type promoter; this site contains Ϫ35 and Ϫ10 regions and 16-nt spacer regions, similar to the canonical 70 binding site (59) , and is depicted in Fig. 1 , although 70 binding has not been demonstrated. The absence of other known consensus DNA binding sequences in this regulatory region is consistent with, although it does not prove, the apparent, strict dependency of RSP3361 gene expression on PrrA (29) . This apparent, strict dependency on PrrA makes this locus ideal for the studies described herein, unlike many of the photosynthesis genes, which have multiple regulator interactions (6, 56) .
We used the bioinformatics tools described in Materials and Methods to detect DNA sequences upstream of the RSP3361 gene with a tendency for intrinsic bending (83) or to become single stranded through SIDD (34) . Five DNA regions were found, ranging in size from 13 to 25 nt, with intrinsic propensity for a high degree of curvature. The potential for PrrA binding sites to possess intrinsic curvature has been suggested in earlier studies (71) , but none of these sequences overlapped the PrrA site studied here.
DNA sequences with the lowest probability to become single stranded due to supercoiling energy (34) were found upstream of the apparent promoter region; two such regions overlapped half-site 1 in both PrrA binding sequences. Alternatively, sequences with the highest melting probability clustered downstream from the promoter, and one of these, an 8-nt region, overlapped the putative Ϫ10 region and immediate downstream sequences. The presence of a DNA sequence with a high tendency to become single stranded, overlapping the Ϫ10 region of the putative promoter, reinforces our choice of this promoter, which was based on its sequence and position with respect to the coding region of the gene. This structure also suggests the possibility for this Ϫ10 region to progress from closed to open complex form by use of supercoiling energy.
Effects of phosphorylation and nonspecific competitor DNA concentration on PrrA binding to the RSP3361 gene PrrA site 2. We purified and phosphorylated PrrA, as described in Materials and Methods and in a previous study (12) , and tested the effects on DNA binding by adding increasing amounts of U-PrrA and P-PrrA to the 191-bp DNA fragment containing the RSP3361 gene PrrA site 2, which when deleted, leads to the absence of RSP3361 gene expression (29) . The results of the EMSA are shown in Fig. 2 . P-PrrA, but not U-PrrA, formed a specific, stable DNA-protein complex ( Fig. 2A) . U-PrrA, although found to bind to this DNA sequence, did so in a nonspecific manner, as inferred from the large size of the U-PrrA-DNA complex, compared to that of the P-PrrA-DNA complex, at the same U-PrrA and P-PrrA concentrations ( Fig.  2A, lanes 8 and 9) . As expected, in the absence of the nonspecific competitive inhibitor poly(dA) · poly(dT), which was used at a final concentration of 80 ng/l (2 g total), more nonspecific binding was shown for P-PrrA, as evidenced by the very diffuse gel signals (Fig. 2B) , leading to less-stable DNA-protein complexes. Thus, PrrA phosphorylation is apparently required for specific binding to the DNA fragment containing the RSP3361 gene PrrA site 2 in vitro.
The above poly(dA) · poly(dT) concentration (80 ng/l) was chosen since approximately the same amount of P-PrrA-DNA complex was formed using either 1 g (40 ng/l) (Fig. 2C, lane  6 ) or 3 g (120 ng/l) (Fig. 2C, lane 7) of poly(dA) · poly(dT).
Effect of spermidine on PrrA binding to the RSP3361 gene. Once we optimized for the nonspecific competitor DNA concentration, we investigated the effects of additional factors found to increase the binding affinity of other transcriptional regulators. One of these was polyamines, which have been reported to increase the binding specificity of other transcriptional factors (66) . To determine whether the affinity of puri- The size of half-site 2 is increased from 5 to 6 nt, and the data justifying that change are shown in the accompanying paper (28a). The putative 70 promoter binding sequence is indicated in boldface type, above the sequence, and the matching nucleotides in the Ϫ35 and Ϫ10 regions are underlined. DNA regions with intrinsic bending propensity are highlighted by light-shaded boxes. Areas requiring higher energy to melt, according to SIDD analysis, are denoted by thick lines above the sequences, whereas areas requiring low energy are shown by thick lines below the sequences. The direction of transcription for both genes is indicated by arrows. The RSP3360 gene, encoding a putative adeninespecific methyltransferase, is transcribed in the same direction as is the RSP3361 gene, but is not PrrA regulated (29 Fig. 3 . In the absence of spermidine, there was no appreciable binding of P-PrrA to DNA at the lowest protein concentration (ϳ55 nM) used in the experiment. Spermidine addition resulted in enhanced binding, as evidenced by P-PrrA-DNA complex formation (Fig. 3A) . The amount of spermidine used in these experiments was determined experimentally using different concentrations, and similar results were obtained using the polyamine spermine (data not shown). P-PrrA-DNA complexes formed in the absence of spermidine were diffuse and difficult to quantitate, possibly due to complex instability. Thus, the data presented in Fig. 3B correspond to the estimation of unbound DNA, rather than bound DNA, as a function of P-PrrA concentration, which are not true dissociation constants (see next section). The values corresponding to the concentrations of P-PrrA at which 50% of the labeled DNA is in a noncomplexed form, or to a fractional saturation of 0.5, were ϳ4.6 ϫ 10 Ϫ8 M and ϳ1.9 ϫ 10 Ϫ7 M, in the presence and absence of spermidine, respectively. Visual inspection of these and additional autoradiographed gels (data not shown) indicated that ϳ50% of the DNA was consistently complexed with ϳ55 nmol of P-PrrA (Fig. 3A, lane 2) , in the presence of spermidine, and with ϳ570 nmol of P-PrrA (Fig.  3A, lane 7) , in its absence-an ϳ10-fold difference in P-PrrA concentration. Thus, the calculated approximately fourfold difference in concentrations of P-PrrA at which 50% of the labeled DNA is in a noncomplexed form with PrrA in the presence and absence of spermidine is most likely an underestimation as the result of the diffuse nature of the complex in the absence of spermidine, and the difference could be as high as 10-fold.
In the absence of the polyamine (Fig. 3A, bottom panel) , the rate of gel migration of all DNA species, free and bound, was higher, as evidenced by the differences in the distances separating these species from the loading wells. This probably reflects the fact that polyamines, which were present in the gel and the running buffer in the experiment depicted in the top panel, affect the structure of the DNA fragment and, therefore, improve the binding of P-PrrA to its DNA site (see Discussion). However, it cannot be ruled out that these polycations have a neutralizing electrostatic effect on the overall charge of the DNA fragments and, therefore, slow down their migration toward the anode.
Binding of U-PrrA to RSP3361 PrrA site 2 in the presence of spermidine (Fig. 3C, lanes 2 to 5) was prevented by the addition of 2 g (67 ng/l final concentration) of nonspecific competitor salmon sperm DNA, as depicted in Fig. 3C , lanes 6 to 9.
To demonstrate that phosphorylation of PrrA is required for achieving specific binding to the RSP3361 gene PrrA site 2, as well as to show that the binding of P-PrrA was specific, we conducted DNA binding experiments, using increasing amounts of P-PrrA, to a DNA fragment containing the RSP3361 gene PrrA site 2 (Fig. 4A) , and we tested the effect of adding increasing amounts of unlabeled specific competitor DNA to a preformed P-PrrA-labeled DNA complex in the (Fig. 4B) . By quantitating the intensities of P-PrrA-DNA complexes, we calculated an apparent dissociation constant, or K app , equal to ϳ1.3 ϫ 10 Ϫ7 M (Fig.  4A, bottom panel) . The results of the competition experiment are shown in Fig. 4B . A constant amount of P-PrrA, ϳ0.57 mol, complexed with the radioactive RSP3361 gene fragment was displaced by increasing amounts of a double-stranded, unlabeled 191-bp fragment containing the RSP3361 PrrA site 2. We calculated the inhibitory constant, or K i (33) , to be approximately 2.54 ϫ 10 Ϫ12 M. This value indicates the concentration of competitor DNA required to effect the displacement of P-PrrA from 50% of the labeled DNA in a P-PrrA-DNA complex and corresponds to an ϳ7.8-fold molar excess of the competitor unlabeled DNA, with respect to the labeled DNA.
Generalized and localized supercoiling effects on expression of the RSP3361 gene. Because of previously reported effects of polyamines on DNA topology (31, 32, 46, 68, 80) and earlier suggestions about the possible effects of DNA topology on PrrA-regulated gene expression (29, 48, 53, 71, 90) , we chose to test the possible effects of DNA supercoiling on expression of the RSP3361 gene. DNA supercoiling has well-known generalized effects on gene expression (70) and on photosynthesis genes, which are mostly PrrA regulated, in particular (53) . To this effect, we decided to test the ␤-galactosidase activity of ⌽(RSP3361-lacZ) (29) in WT R. sphaeroides strains grown in the presence and absence of the DNA gyrase inhibitor Nv. The expression of the transcriptional fusion decreased by approximately 50% in the presence of the inhibitor, as shown in Fig.  5A . The same was true for a fusion containing a deletion of the entire PrrA site 1, whereas deletion of PrrA site 2 completely eliminated expression, as had been previously shown (29) . Thus, expression of the RSP3361 gene is partly dependent on DNA supercoiling levels and favored by negative supercoiling.
Since DNA gyrase inhibitors show notoriously pleiotropic effects on cells, we constructed lacZ transcriptional fusion vectors harboring either the strong rrnB R. sphaeroides promoter (18) or a mutated version, as explained in Materials and Methods, divergently transcribed from the target RSP3361 gene promoter. Thus, negative supercoils arising from transcription by RNA polymerase at these two promoter alleles, as predicted by the twin-domain model (54), should vary as a function of Since the rrnB promoters are divergently transcribed from the gene of interest, runaway transcription from these promoters affecting the experimental results is not a concern. Expression of the ⌽(RSP3361-lacZ) transcriptional fusion was approximately 2.5-fold greater when the WT rrnB promoter (WT-Strong) was used instead of the P down allele (WTWeak) in cells grown anaerobically in the dark with DMSO as the electron acceptor, as shown in Fig. 5B . This was consistent with the result obtained using the DNA gyrase inhibitor and confirms that this promoter is positively regulated by negative supercoiling. The same was true for the RSP3361 gene promoter containing the deletion of PrrA site 1 (29) , although in this case the difference was greater, by about fivefold. In addition, RSP3361 gene expression was fully dependent on PrrA, as reported previously (29) .
PrrA regulation of polyamine biosynthesis and transport. Because of the effects of spermidine, as observed here, we examined our previous microarray data comparing global gene expression in a PrrA mutant (PrrA2) to the WT (29), and we observed the apparent regulation by PrrA of genes involved in polyamine metabolism. Biogenic amines have been previously shown to have pleiotropic effects on bacterial DNA metabolism (85) . Specifically, speC (RSP1991 gene), which encodes L-ornithine decarboxylase (SpeC) (EC 4.1.1.17), was found to be positively regulated by PrrA, by approximately 4.2-fold. This enzyme is induced under anaerobic growth conditions in other prokaryotes (reviewed in reference 78). The genes encoding L-arginine decarboxylase (SpeA) and S-adenosylmethionine decarboxylase (SpeD), the rate-limiting enzymes in alternative polyamine biosynthetic pathways in other organisms (reviewed in reference 78), are apparently absent in R. sphaeroides, as inferred from gene annotation (http://www.rhodobacter.org). Similar to polyamine biosynthesis, the transport of polyamines was also found to be regulated by PrrA; as many as six different ABC transporter systems with specificity for polyamines, as inferred from gene annotation, were, for the most part, positively regulated by PrrA (29) . Based upon these inferred regulatory effects on biogenic amine metabolism, we tested for the effect of polyamines on PrrA binding, as described earlier, but in addition, measured the effects of polyamines in situ on growing cells of R. sphaeroides.
Induction of the photosynthetic apparatus under aerobic growth conditions by spermidine. To assess the effect of spermidine in vivo we grew R. sphaeroides WT cells under highly oxygenic conditions, as described in Materials and Methods, and measured the Bchl levels associated with the light-harvesting spectral complexes (60) . The results are shown in Fig. 6 . In the presence of 10 mM spermidine in the growth medium, WT cells showed an approximately fivefold increase in Bchl associated with the light-harvesting complex I (LHI), or B875, relative to that shown by cells growing in media with no spermidine supplementation. These results are similar to our earlier results showing induction of the photosynthetic apparatus under aerobic growth conditions, either in the presence of Ϫ12 M indicates 50% displacement of P-PrrA, and it corresponds to ϳ7.8ϫ, relative to 1ϫ the labeled DNA fragment.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ multiple copies (ϳ5 to 7) of PrrA (27) or upon deletion of the oxidoreductase PrrC (26) or the cbb 3 subunit CcoQ (62) . The PrrA mutant, PrrA2 (27) , was used as a negative control in this experiment, since PrrA positively regulates most genes encoding proteins involved in photosynthesis (45) . As expected, PrrA2 mutant cells did not produce light-harvesting spectral complexes in the presence or absence of spermidine. This result can be interpreted as demonstrating a cause and effect between polyamines and photosynthesis gene expression under aerobic conditions. In order to test whether the production of light-harvesting spectral complexes was, in part, a direct result of the effect of polyamines on gene transcription, we used reporter fusions to genes encoding polypeptides of the photosynthetic apparatus.
The results are shown in Table 1 . Consistent with our previous results, we found an approximately twofold increase in the expression of pucB (RSP0314 gene), pufB (RSP6108 gene), and the RSP3361 gene. In the case of the last gene, this effect was observed either for the WT fusion, containing two PrrA sites, or for a fusion in which PrrA site 1 was deleted. The presence of spermidine in the growth media also led to an approximately twofold increase in expression of a translational FIG. 5 . Supercoiling effects on expression of the RSP3361 gene. (A) ␤-Galactosidase activities of ⌽(RSP3361-lacZ) (pJE4935 [29] ) contained in vector pML5 (47) in WT R. sphaeroides grown under anaerobic growth conditions in the dark with DMSO. Black bars, without Nv; white bars, with Nv. WT at the bottom represents the WT fusion, whereas ⌬1 and ⌬2 represent, respectively, fusions deleted for the upstream (PrrA site 1) and downstream (PrrA site 2) PrrA sites, which have been described previously (29) . (B) ␤-Galactosidase activities of ⌽(RSP3361-lacZ) contained in a version of pML5 derived from pJE5088 and pJE5090. pJE5088 contains the rrnB WT promoter (designated as WT-Strong) divergently transcribed from the RSP3361 gene promoter, whereas pJE5090 contains the mutated version of rrnB P down (designated as WT-Weak), divergently transcribed from the RSP3361 gene promoter. WT (black bars) and PrrA2 (white bars) R. sphaeroides cells containing these plasmids were grown under anaerobic growth conditions in the dark and with DMSO. WT at the bottom represents the WT ⌽(RSP3361-lacZ), whereas ⌬1 represents a ⌽(RSP3361-lacZ) deleted for the upstream PrrA site, PrrA site 1. Thus, WT-Strong and ⌬1-Strong contain the divergently transcribed WT rrnB promoter from either WT ⌽(RSP3361-lacZ) or ⌽(RSP3361⌬1-lacZ), respectively, and WT-Weak and ⌬1-Weak containing the rrnB P down also divergently transcribed for both respective ⌽(RSP3361-lacZ).
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DISCUSSION
We have analyzed expression of the RSP3361 gene of R. sphaeroides (this study; 28a, 29), which appears to be entirely dependent upon P-PrrA, unlike many of the photosynthesis genes, which show more complex regulatory interactions (6, 56) . The data presented here show specific binding of P-PrrA in vitro to PrrA site 2 of the RSP3361 gene regulatory region. Similar to what has been reported in other studies and alluded to earlier, U-PrrA was found to bind to the DNA fragment containing the RSP3361 gene PrrA site 2, but the binding was shown to be nonspecific, since no U-PrrA-DNA complex was observed upon including an appropriate concentration of nonspecific competitor DNA, and U-PrrA-DNA complexes increased in size concomitantly to increases in protein concentration, as observed by EMSAs. Whether the observed U-PrrA nonspecific binding occurs at RSP3361 gene PrrA site 2 and/or elsewhere within the DNA fragment used in these experiments is not known.
Although we have demonstrated a requirement for PrrA phosphorylation to impart binding specificity toward RSP3361 gene PrrA site 2, the possibility still remains for U-PrrA to specifically bind to different DNA sites in the genome, as suggested before for both PrrA and RegA, in R. sphaeroides and R. capsulatus, respectively (4, 12, 19, 20, 38, 39, 71) , and by our own earlier data describing photosynthesis gene expression aerobically, when prrA (RSP1518 gene) was in multiple copies in R. sphaeroides (28) .
The P-PrrA binding specificity to the RSP3361 gene PrrA site 2 was demonstrated by the addition of nonspecific competitor DNA, which does not affect P-PrrA binding, in contrast to U-PrrA, and by competition kinetics with specific competitor DNA. In a separate study (28a), we found similar binding kinetics for three other P-PrrA binding sites in the genome. The DNA sequence of this P-PrrA-binding site is T-G-C-G-G-C-N(5)-G-A-C-G-C-A, encompassing two half-sites containing 6 nt, separated by a 5-nt spacer. Near-perfect symmetry is displayed between both half-sites, except for position 5. As stated previously (29) , this site shows a perfect match to a published consensus for PrrA binding sequences (58), but we have extended the length of half-site 2 from 5 nt, as reported in that study (58) , to 6 nt, since mutation of this added nucleotide abolishes P-PrrA binding to the PrrA site 2 in the RSP3361 gene (28a) .
While setting up the in vitro binding assays for PrrA and its DNA targets, we found that the affinity of P-PrrA binding for RSP3361 gene PrrA site 2 in vitro increased 4-to 10-fold when the polyamines, spermidine and spermine, were present in the binding reaction, similar to what has been reported for other DNA binding proteins (see below). Since both polyamines affected binding of P-PrrA to this DNA site, we hypothesize that the polyamine effects are likely due to their multivalent cationic nature. Polyamines are present intracellularly at millimolar concentrations in both prokaryotes (ϳ6 mM spermidine in E. coli [78] and photosynthetic bacteria [37] ), and eukaryotes (10) and have also been reported to affect transcription (43) and translation (87) in prokaryotes as well as in eukaryotes (2, 66, 73) .
Transcriptional lacZ fusions to the photosynthesis genes pucB (RSP0314 gene) and pufB (RSP6108 gene) and the RSP3361 gene, as well as a translational lacZ fusion to pufB, revealed a twofold increase in expression due to the presence of spermidine when R. sphaeroides cells were grown aerobically, and this was reflected by the modest production of lightharvesting spectral complexes, albeit comparable to that found in previous studies (26, 62) . This suggests that the production a "(div.)" indicates that the rrnB promoters are divergently transcribed from pucB. ⌬1 indicates a deletion of PrrA site 1.
b The lacZ fusion vectors used were constructed as described in the following references: pCF200 (50); pUI1663 and pUI1662 (25) ; pJE4935 and pJE4936 (29) ; pJE5400 and pJE5403 (this study). All fusions are transcriptional, except for that of pUI1662, which is a translational fusion to pufB.
c Cells were grown aerobically by sparging with 69% N 2 , 30% O 2 , and 1% CO 2 . Units of ␤-galactosidase are expressed in mol/min/mg protein. Experiments were performed in duplicate, and the standard deviation was Յ15%.
FIG. 6. Light-harvesting spectral complex formation in the presence of spermidine. Cells were grown sparged with a mixture of 30% O 2 , 69% N 2 , and 1% CO 2 in Sistrom's medium and harvested at a low cell density of approximately 0.14 absorbance units at an optical density at 600 nm to prevent oxygen limitation due to cellular growth. The protein concentration is the same for all samples represented. SP denotes spermidine, which was used at 10 mM concentration in the growth media. PrrA2 is a PrrA mutant used in our laboratory (27 (87) . Likely, the extracellular spermidine concentration used in our experiments might have resulted in an at least transiently higher intracellular polyamine concentration, as previously reported for other organisms (74, 82 ; also as reviewed in references 2, 41, and 78). The fact that the spermidine effects were only observed when the cells grew aerobically might be a reflection of either differential polyamine biosynthesis and transport depending on growth conditions, as inferred from microarray expression data (29) and/or the fact that slight effects on gene regulation and lightharvesting spectral complex formation might not be observed against the background of high photosynthesis gene expression under anaerobic conditions. The simplest mechanistic interpretation for how polyamines might be affecting P-PrrA binding to DNA as well as PrrAregulated gene expression would be that, by their cationic nature, they might simply be neutralizing the negative charge of the DNA backbone, as opposed to favoring specific electrostatic interactions. In this respect, the amino acids in the HTH motif of PrrA predicted to make specific contacts with the DNA major groove (42, 48) are R171, R172, Q175, and R176, whereas R143, R158, N159, and R171 have been proposed to contact the DNA phosphate backbone and possibly be involved in nonspecific interactions (48) . Alternatively, or in conjunction with this, polyamines might directly affect PrrA itself, and not just the state of the DNA, either altering its conformation or its assembly state.
Based on additional data reported here, which implicates DNA topology as a possible effector of PrrA-regulated gene expression (see below), we favor a model in which the spermidine-dependent increased affinity of P-PrrA binding for RSP3361 gene PrrA site 2, and possibly other PrrA binding DNA sequences, could be due to a favorable change in DNA conformation of the PrrA binding site(s) being promoted by the polyamine, although the above-mentioned possible additional effects cannot be discounted. A substantial number of publications implicate polyamines to affect the topology of DNA; specifically, polyamines can alter DNA bending (31, 68) , as well as promote the B-DNA structure to both A-DNA and Z-DNA transitions (32, 80) , and affect topoisomerase function (46) , for example.
The alluded-to topological effector of gene expression we have examined here is DNA supercoiling. DNA topology, as dictated by supercoiling levels, has been previously reported to regulate the expression of photosynthesis genes, which are positively regulated by PrrA (29, 45) in both R. sphaeroides and R. capsulatus (53, 90) . Here, we have developed an assay to show that the expression of pucB (RSP0314 gene), which is regulated by PrrA (28) , is also positively regulated by negative supercoiling, using TDTA to change local superhelicity of target promoters in situ, as predicted by the twin-domain model (54) . In addition to pucB, the expression of the RSP3361 gene was shown by TDTA to be positively regulated by negative supercoiling, and this was confirmed using the DNA gyrase inhibitor Nv. We favor a model in which P-PrrA binds with higher affinity to RSP3361 gene PrrA site 2 when in a supercoiled topological conformation than when in a linear form. Similar topologically dependent, preferential DNA binding of transcriptional factors has been previously reported for FIS (64) and IHF (75) in E. coli. While DNA supercoiling levels might affect P-PrrA binding to PrrA site 2, an analysis of the RSP3361 gene regulatory region identified an 8-nt sequence, partly overlapping the 3Ј end of the Ϫ10 region of the presumed promoter and immediate downstream sequence, with a high tendency to become single stranded by absorbing supercoiling energy, as described previously (17, 34) . When taken together, these observations prompt us to suggest that negative DNA supercoiling might affect the expression of the RSP3361 gene both by increasing the affinity of P-PrrA binding to PrrA site 2 as well as presumably by promoting the transition from the closed to the open promoter complex to initiate transcription of the RSP3361 gene.
In addition to DNA supercoiling, the intrinsic DNA curvature is another DNA topological determinant with regulatory functions suggested to influence gene expression and possibly PrrA binding to DNA, in R. sphaeroides, either as intrinsic curvature (48, 71) or as DNA bending promoted by DNA binding proteins, like IHF (52) . In the case of the RSP3361 gene, neither possibility appears likely, since the PrrA site 2, in the RSP3361 gene, is not predicted to form an intrinsic bend (83) , according to our bioinformatics promoter region analysis, and since the expression of the RSP3361 gene seems to be strictly dependent on PrrA (29) .
In an accompanying manuscript (28a), we show P-PrrA binding in vitro to genomic DNA sequences present in the regulatory regions of genes positively regulated by PrrA, and containing spacer regions with variable lengths (5 and 8 nucleotides), as predicted previously (58) . The orientation of the PrrA half-sites with respect to the longitudinal axis of the DNA helix within DNA sequences containing such different spacing lengths would be predicted to be very different, and additional effectors might be required for optimal gene expression. Thus, we propose that the physiological relevance for DNA supercoiling and polyamines as "regulators" of the expression of the RSP3361 gene, and possibly other genes, might lie in the fact that, in addition to PrrA phosphorylation, which would occur under anaerobic growth conditions, the DNA sites to which this response regulator binds might require a specific topological conformation, as might be the case for other transcriptional regulators (64, 75) . This conformation could be dictated by either the length of the spacer region between their PrrA half-sites and/or the DNA sequence of the specific site (28a). In this model, not only the DNA sequence of the PrrA binding site but, also, its topological state would be important determinants to stimulate, or preclude, PrrA binding.
This extra level of regulation would make the PrrA regulon in R. sphaeroides more responsive to additional cellular signals, since the phosphorylation state of PrrA is controlled through redox flow through the electron transport chain (56) , and DNA topology might, among other possibilities, (i) be dictated by the terminal electron acceptor used during respiration, as suggested for E. coli (40) and Salmonella enterica (86) ; (ii) be regulated by intracellular redox conditions, as suggested by the regulation of DNA gyrase activity by thioredoxins in both R. sphaeroides and R. capsulatus (53) ; and/or (iii) might be an indicator of the physiological state of the cells and influence gene expression, as proposed for intracellular virulence gene expression in S. enterica (13; as reviewed in reference 15).
